INTRODUCTION
Birds fly in the transitional Reynolds number regimes (Re ≈ 10 5 ) of interest to engineers developing smaller Unmanned Air Vehicles (UAVs). Their wings are adapted to operate over a wide range of configurations, from steady fixed-wing gliding to unsteady flapping flight. However, the means by which birds control high angle-of-attack manoeuvres is not yet fully understood. In this paper, we review recent advances that we have made in understanding the mechanics and aerodynamics of gliding perching manoeuvres in the Steppe Eagle Aquila nipalensis. Perching is difficult to accomplish in UAVs because of the need to control trajectory precisely while flying slowly under highly unsteady conditions. A key difference between birds and conventional UAVs is that birds' wings are built to deform under a combination of muscular, elastic, and aerodynamic loading. This contrasts markedly with the fixed-wing designs of conventional UAVs, which are designed to be reasonably rigid. We therefore focus here upon the role played by wing and tail morphing in the control of perching manoeuvres in birds.
This paper summarises and draws together the original research presented in Carruthers et al (1) and Carruthers et al (2) . The former described the wing and tail kinematics associated with perching, while the latter modelled the aerodynamics of the wing during perching. Here, these two lines of research are brought together to yield broader insight into the mechanics and aerodynamics of perching. Onboard and high-speed video data
ABSTRACT
This paper reviews recent results on the mechanics and aerodynamics of perching in a large bird of prey, the Steppe Eagle Aquila nipalensis. Data collected using onboard and high-speed video cameras are used to examine gross morphing of the wing planform by the flight muscles, and smaller-scale morphing of the wing profile by aeroelastic deflection of the feathers, Carruthers et al (1) . Highresolution still images are used to reconstruct the shape of the wing using multi-station photogrammetry, and the performance of the measured wing profile is analysed using a panel code, Carruthers et al (2) . In bringing these lines of research together, we examine the role of aeroelastic feather deflection, and show that the key to perching in birds lies not in high-lift aerodynamics, but in the way in which the wings and tail morph to allow the bird to transition quickly from a steady glide into a deep stall.
XFOIL Amplification factor for transition prediction p statistical probability value Re Reynolds number α angle-of-attack (degrees) Figure 1 . Set of six synchronised images used for 3D wing reconstruction; two of the wing leading edge, two of the wing lower surface, and two of the wing upper surface. 
MATERIALS AND METHODS

Animals
Video analysis of wing morphing
The bird was encouraged to glide into the wind towards an elevated perch. High-speed digital video sequences were taken from different viewpoints using two Redlake Motionscope M3 cameras (1,024 × 1,280 pixels; 500fps) so as to visualise the changes in flight morphology that occur during landing. In a complementary series of measurements, the bird was fitted with a removable harness for the purpose of mounting two ZTV Model 809 miniature wireless video cameras (720 × 288 pixels; 50fps), positioned to give views of the upper and lower wing surfaces.
Photogrammetric analysis of wing profile
Six Canon EOS 30D SLR cameras (3,504 × 2,336 pixels, synchronised to within 2ms) were positioned around a measurement volume through which the bird flew as it approached a perch. The cameras were arranged to capture pairs of images of the upper surface, lower surface, and leading edge of the right wing during the latter stages of landing. The measurement volume was calibrated by taking images of a 2D calibration grid in a variety of different positions and orientations. A plumb line was used in calibration as a vertical reference. The cameras were calibrated using a non-linear least squares bundle adjustment. The wing reconstruction presented here is based upon a single instance, Fig. 1 , of the rapid pitch-up manoeuvre that occurs at the end of a typical gliding landing sequence, Carruthers et al (1) . Natural features on the wing, such as feather tips and pigmentation, were identified and matched manually between images. The calibrated camera collinearity equations, Atkinson (3) , were then solved to reconstruct the 3D positions of the identified target points (mean absolute error: 4·3mm).
Polynomial regression techniques were used to fit a smooth surface to the 252 reconstructed target points on the inner portion of the wing, Carruthers et al (2) , having first transformed the data so that the chordwise position of the points was expressed as a fraction of the local chord. Chordwise variation in the vertical positions of the target points was then modelled separately for the upper and lower surfaces of the wing using third-order polynomials of normalised chordwise position, while spanwise variation in the vertical positions of the target points was modelled by a linear twist distribution and fourth-order bending distribution. These were the highest order polynomials for which all of the terms were statistically significant (p < 0·05). Overall, the are used to identify the kinematics of gliding perching sequences, focussing upon gross morphing of the wing planform by the flight muscles, and smaller-scale morphing of the wing profile by aeroelastic deflection of the feathers. Multi-station photogrammetry is then used to reconstruct the three-dimensional surface of the wing during perching, and the aerodynamic performance of the averaged aerofoil section is assessed using a standard panel code. Finally, the data are brought together to draw more general conclusions about the mechanics and aerodynamics of perching in birds, and about possible applications in UAVs.
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THE AERONAUTICAL JOURNAL NOVEMBER 2010 Reynolds numbers. The Selig S1223 was chosen because it was designed using a panel code to give high lift coefficients at Re = 2 × 10 5 , Selig et al (4) . The Clark Y was chosen because it is a well-known and widely tested baseline aerofoil that is not specifically optimised for either low Reynolds number flows or high lift coefficients, Marchman and Werme (5) . The predicted lift and drag coefficients compared favourably, Carruthers et al (2) , with the results from published windtunnel measurements at comparable Reynolds numbers taken from University of Illinois at Urbana-Champaign aerofoil coordinates freesource online database, Selig et al (6) and Lyon et al (7) .
RESULTS AND DISCUSSION
Gross wing morphing during perching manoeuvres
Perching manoeuvres are highly stereotyped and involve three sequential phases: a steady gliding approach, a highly-unsteady pitch-up manoeuvre, and a deep stall, Fig. 3 . Kinetic energy is exchanged for potential energy during the rapid pitch-up phase, as the bird gains height. Given an initial groundspeed of 6-9ms
and a height gain of approximately 1m, this could reduce the regression explained 92% of the variation in the vertical positions of the target points. A Bezier function was used to simulate the leading edge. The rear portion of the wing has secondary feathers sliding over each other as the bird adjusts its wing geometry, but a constant 1mm thickness was assumed for this portion of the wing based on measurements of moulted feathers. The measured aerofoil sections are shown in Fig. 2 and Table 1 . The standard aerofoil section represents an average profile for the inner portion of the wing. Back-transforming the regression surface to give a curved wing planform with correctly varying local chord entails stretching the aerofoil to varying degrees across the span, and the squashed and elongated profiles at 35% and 84% of span are used to bracket the aerodynamic performance of the standard aerofoil. cross-parachute than a conventional wing. The entire pitch-up manoeuvre, which accomplishes the transition from steady glide to deep stall is accomplished within 0·2s, Fig. 3 .
Panel code analysis of aerodynamics
Feather deflections during perching manoeuvres
The gross changes in wing planform described in the previous section are accompanied by smaller-scale morphing of the wing profile as a result of feather deflection. These deflections are summarised for a typical perching sequence in Fig. 4 , which shows images taken by an onboard video camera during the latter stages of perching. The camera is positioned to view the left wing's lower surface. The bird approaches its perch in a steady glide, Fig. 4(a) . At the start of the pitch-up manoeuvre, Fig. 4(b) -(c), a group of feathers known as the alula is protracted forwards from the leading edge of the wing. Deployment of the alula is initiated by a peeling motion from the tip, which indicates that deployment of the alula is initiated as a passive aeroelastic response. The subsequent forward protraction of the alula through approximately 45º is presumably driven muscularly, but it is possible that this action is stimulated by the passive peeling of the alula. The alula is generally interpreted as a high-lift device, so this hypothesis is attractive in that the alula would then deploy automatically at high angles of attack. kinetic energy of landing by some 10-30%. However, as the forward speed of the bird is very small at landing, a greater proportion of the total kinetic energy must be lost to the wake during the final deep stall. The extensive morphing of the wings that occurs during the pitch-up phase therefore seems to be important in allowing the bird to transition rapidly from attached to fully separated flow. The approach phase usually involves a glide close to the ground with the wing held fixed in an outstretched posture. The bird begins this phase well below the height of the perch, and will certainly be experiencing ground effect. As the bird approaches its perch, it executes a rapid pitch-up manoeuvre near to the ground, Fig. 3(b)-(d) . The wings are flexed into an M-shape, bringing the centre of pressure forward, and the tail is tilted tipup, reducing the aerodynamic load that it takes. These changes in wing and tail shape will each generate a nose-up pitching moment, and their combined effect is to pitch the bird upwards very rapidly. The wings operate at a very high angle-of-attack during the pitch-up manoeuvre, and take a large positive aerodynamic load, as evidenced by the upwards bending of the primary feathers. Towards the end of the pitch-up manoeuvre, the wings extend in preparation for the final deep stall and the tail is tilted tip-down, Fig. 3(h) . The angle-of-attack of the wings at this stage of the manoeuvre is close to 90˚ and the bird behaves more like a ). The minimum drag for the bird wing profile (C Dmin = 0·0161) is intermediate between that of the engineered aerofoils (Clark Y C Dmin = 0·0102, S1223 C Dmin = 0·0196). The bird wing profile is therefore suitable for providing high manoeuvrability, as near-constant and low drag is maintained over a wide range of angles of attack and lift coefficients, Fig. 7 .
The bird wing profile outperforms the Clark Y aerofoil but does not perform as well as the S1223, which has been specifically engineered for maximum lift at transitional Reynolds numbers. This is not surprising because the bird's wing has presumably evolved to perform well under a wide range of different flight regimes at transitional Reynolds numbers. There is no reason to believe the bird is trying to optimise any particular aspect of aerodynamic performance during the flight-phase where we captured this aerofoil section -indeed, rather the reverse given that the rapid pitch-up manoeuvre transitions into stall. One of the striking features of bird wings is their ability to morph their aerofoils in a fraction of a second, so we do not expect to find any uniquely optimal bird aerofoil. The bird must be able to perform well under the steady conditions of fixed-wing gliding, as well as in a range of highly unsteady conditions including the flapping motions associated with powered flight, and the type of landing manoeuvre that has been considered here. Hence, while the bird's aerofoil is unusual in shape, it does not appear to have any unusual properties that would give it advantages over the best engineered aerofoils at transitional Reynolds numbers. There would therefore seem to be no compelling aerodynamic reason at present to seek to mimic this particular bird wing aerofoil on a fixed-wing UAV.
CONCLUSION
Perching is a difficult manoeuvre to accomplish because of the need to control trajectory precisely while flying slowly under highly unsteady conditions. The Steppe Eagle appears to achieve this by restricting slow flight to the very end of the manoeuvre, thereby maintaining control authority throughout the approach. Hence, an ability to decelerate very rapidly appears to be the key to the whole manoeuvre. Although the aerofoil section of the wing does allow the bird to generate respectably high lift at transitional Reynolds numbers, it does not appear to perform as well as aerofoils that have been engineered specifically for this task. The secret to successful perching does not therefore appear to lie in maintaining high lift at high angle-of-attack so as to achieve sustained slow flight, but rather in being able to transition very rapidly from a steady fixed-wing glide with attached flow to a near-vertical deep stall in which the flow is completely separated. The eagle accomplishes this by way of a rapid-pitch up manoeuvre, which entails sweeping the wings forward to form an M-shape while simultaneously lifting the tail. The function of this manoeuvre appears to be to allow a rapid transition between two fundamentally different flow states, as the wings are completely stalled by the time they are re-spread.
As the wings are flexed into an M-shape during the pitch-up phase of a gliding perching sequence, each wing adopts a delta-shaped planform. All delta wings generate leading-edge vortices at high angles of attack, and they are typically designed with a sharp leading edge to promote flow separation at low angles of attack. The bird's inner wing has a relatively high radius of curvature at the leading edge, but the deflection of the leading-edge covert feathers generates a sharp leading edge, which might promote flow separation during the second half of the pitch-up manoeuvre. As the wing is straightened and the angle-of-attack
The covert feathers along the wing leading edge also deploy forwards during landing, and do so at approximately the same time as the alula, Fig. 4(b)-(d) . This clearly represents a passive aeroelastic response, because the feathers peel away from the surface starting from their tips and there are no muscles that could deflect the feathers to the extent that they are deflected. The leading-edge covert feathers only deploy at high angle-of-attack, and this presumably occurs when the forward stagnation line moves aft of their backward-pointing tips, such that the feathers are lifted by the locally reversed flow. The leading-edge covert feathers form a coherent flap-like structure when fully deployed, Fig. 4(f) . The leading-edge flap is reminiscent of a Kruger flap, but it does not have the rigidity of the flaps employed on aircraft, and it can be deployed either fully or in part. The flap deploys either in a travelling wave moving inboard from the wrist towards the shoulder, or in sections broadly corresponding to the wrist, arm and shoulder regions of the wing. The leading-edge flap is not always deployed to the same degree during landings, perhaps because of subtle differences in the local flow. The possibility that deflection of the leading-edge flap is merely incidental to the bird cannot be excluded, but it is likely that deflection of the individual feathers provides detailed sensory feedback on the aerodynamic state of the wings. It is also possible that the leading-edge flap might have an aerodynamic function in modulating flow separation, which we discuss further below.
The upper wing is not visible in Fig. 4 , but the covert feathers that form the upper wing contour were observed to deflect away from the wing's surface whenever the leading-edge flap was deployed. Deflections of the upper wing coverts do not exhibit the coherence of those on the lower wing surface, and they result in an interrupted and unstructured surface during the deep stall.
Aerofoil properties
The aerofoil sections measured during the pitch-up phase of perching, Fig. 2 and Table 1 , are unusual in comparison with engineered aerofoil sections. The high degree of camber of the bird's aerofoil is comparable to that of engineered aerofoils specifically designed for high-lift low-Reynolds number applications. However, the bird's aerofoil is unusual in having a very thick leading edge and a plate-like trailing portion that is sufficiently thin and flexible to acquire reflex camber under positive aerodynamic loading, Fig. 5 . The general shape of the bird's wing profile shows some similarity to Jedelsky and Benedek profiles, according to Simons (8) , which have been used in small model aircraft design; these sections also have a thick leading edge portion with a platelike trailing portion. Figures 6 and 7 show the lift and drag polars for the bird wing and engineered wing profiles. The standard bird wing profile has a lift curve slope close to the theoretical result from thin aerofoil theory, Fig. 6 . The sharp spike in the drag polar at Re = 1 × 10 5 indicates a laminar separation bubble and is observed for the standard and elongated profiles, but not the squashed profile, at approximately α = 8°, Fig. 7 . Closer agreement between the lift and drag polars for the standard, squashed, and elongated profiles is observed with increasing Reynolds number, and the effects of laminar separation bubbles are no longer observed, Fig. 7 . At lower Reynolds numbers, the lift and drag polars are more sensitive to variations in aerofoil shape. Laminar separation bubbles are not observed on either of the engineered aerofoils at any of the Reynolds numbers tested. The standard bird wing profile stalls at approximately α = 14˚, Fig. 6 . Inspection of the aerofoil pressure coefficient distribution indicates that the forward stagnation point lies just on the nose of the aerofoil at this angle-of-attack, which is well ahead of the tips of the covert feathers that form the leading-edge flap. This implies that the leading-edge flap will not deploy until post-stall, which apparently rules out its previously-hypothesised function as a high-lift device, Carruthers et al (1) .
is increased, the bursting point of any leading edge vortices is likely to move forwards and the wing will tend towards stall. Vortex bursting may be suppressed on the outer wing by protraction of the alula, which could function like the strake on a delta-winged aircraft to promote and stabilise the formation of a leading-edge vortex over the portion of wing behind it. Hence, while the arm-wing is expected to stall as the wing is protracted at the end of the pitch-up phase, the hand-wing may retain its delta-wing aerodynamics for longer than would be the case without the action of the alula. The protraction of the wings at the end of the pitchup phase may therefore serve as a transition into the aerodynamics of the deep stall, with the arm-wing becoming fully stalled to act as an aerodynamic decelerator but with the hand-wing still able to generate useful lift and thereby provide control authority. Wing morphing is integral to this function, and is likely to be an essential feature of any UAV capable of mimicking the perching manoeuvres of birds.
